This study evaluates the capability of horizontal subsurface-flow constructed wetlands (SSF CWs) for treating pretreated swine wastewater as a function of contact time (CT) and type of macrophyte under the local conditions of Yucatán, Mexico. Experiments were conducted from July 2004 to November 2005 on a swine-fattening farm. The study had three stages: first, macrophytes were located and collected; second, plants were acclimatised; and third, a pilot plant with 6 wetlands was set up, operated and evaluated. The effectiveness of the wetlands was intensively tested over 2 periods (April and November 2005). The results indicate that treatment efficiency significantly improved with increased CT for most of the analysed contaminants. The highest removal rates were recorded at a CT of 3 d and ranged between 64 and 78% for total suspended solids, 52 and 78% for COD, 57 and 74% for BOD 5 , 57 and 79% for total nitrogen, 63 and 75% for ammonium nitrogen, 70 and 81% for nitrate, 0 and 28% for total phosphorus and 3.3 and 4.2 log-units for total coliforms. Results also suggest that the macrophyte species used did not significantly differ on their contribution to overall treatment efficiency. However, vegetated beds slightly improved water quality when compared to unplanted systems. Horizontal SSF CWs are a suitable technology for treating swine wastewater under the local conditions of Yucatán. Contact time should be given special attention in the design of future full-scale facilities.
Introduction
In Mexico, the pig-farming sector requires suitable and integrated technological solutions to control pollution caused by the pig-farming cycle, mainly for 2 reasons: first, the national and state environmental authorities have increased pressure on industrial activities in the form of fines, and second, the Mexican Government has announced that farmers who do not treat their animal waste properly would lose their certificates? licences? Author to check allowing them to export pork. Mexico is the 2 nd largest swine producer in Latin America (>18 million pigs in 2004) and the 18 th largest worldwide. Almost 70% of Mexico's swine production is located in 6 states: Jalisco, Sonora, Guanajuato, Puebla, Michoacán and Yucatán (Franco, 2006) . Yucatán's pig-farming registry for the year 2001 showed a pig population of about 1 750 000 (INEGI, 2005) . Each pig generates around 36 ℓ·d -1 of pig waste (Taiganides et al., 1996 ) which leads to a total of approximately 63 000 m 3 ·d -1
. Nitrogen and phosphorus concentrations are generally very high in the raw waste, about 2 500 and 600 mg·ℓ , respectively (Costa et al., 2000) . If these nutrient-rich wastes are applied to agricultural soil at a higher rate than crop uptake ability, soil fixation and processing, the excess nutrients may reach surface and groundwater due to runoff and leaching (Stone et al., 1998) . 
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In Yucatán, pig farmers commonly dump the primary-treated swine waste directly onto agricultural land because there are no environmental regulations pertaining to the discharge of wastewater that infiltrates into the ground. In fact, the only environmental regulations on water quality in Mexico refer to surface water (NOM-001-ECOL-1996) . The common practices of local farmers have therefore raised special concern in the region, since the widespread presence of karst soils facilitates a rapid percolation of contaminants from agricultural soil to aquifers. Groundwater contamination is of special concern in the region because aquifers are the main source of drinking water. In a study by Pérez and Pacheco (2004) conducted in 106 municipalities in the region, 21 municipalities were found to exceed the upper limit of 45 mg·ℓ -1 NO 3 -in supply water. Therefore, despite the lack of environmental regulation on wastewater that infiltrates into the ground, it is clearly of capital interest -in both environmental and public-health terms -to reduce the nutrient load to the Yucatán environment. Alternative or additional swine-waste treatment systems need to be implemented in order to reduce the potential environmental and health problems related to swine waste.
Constructed wetlands are biological wastewater treatment systems in which contaminants are removed by means of various mechanisms such as sedimentation, filtration, microbial degradation and plant uptake (Ciria et al., 2005) . They are normally used to treat settled effluent from rural housing, but are now being considered for treating farm-produced wastewater . Constructed wetlands appear to be a suitable technology for treating swine wastewater in the Yucatán region since they can easily be managed by non-specialised staff and have low maintenance and operation costs (Reddy et al., 2001) . Moreover, studies have shown that constructed wetlands have successfully treated animal wastewater in other regions (Payne et al., 1992; Hunt et al., 1994) . The type of constructed wetland most commonly used to treat swine wastewater is the surface-flow constructed wetland (SF CW) (Hunt and Poach, 2001 ), but there have also been a few successful experiences with subsurface-flow systems (Kantawanichkul et al., 1999 and Lee et al. (2004); Sezerino et al., 2003) . Little is known, however, about the suitability of SSF CWs for treating farm wastes with a high nitrogen load.
The main objective of this study, therefore, was to test the capability of horizontal SSF CWs for treating pretreated swine wastewater (under the local conditions of Yucatán) as a function of contact time (CT) and type of macrophyte.
Methods

Background to the experimental studies
Experiments were conducted over a period of 16 months (July 2004 to November 2005) on a swine-fattening farm located in the town of Conkal, in the north of Yucatán, southern Mexico. The farm's 3 000 animals produce about 90 m 3
•d -1 of wastewater. Different activities were carried out in each of the study's 3 stages. In the 1 st stage, which lasted 1 month (July 2004), the macrophytes used for the experiments were located and collected. In the 2 nd stage, which lasted 5 months (August-December 2004), the macrophytes were acclimatised. In the 3 rd stage, which lasted 11 months (January-November 2005), 6 pilot horizontal SSF CWs were set up and operated. The macrophytes that had proved to be the most resistant during the acclimatisation period (Typha latifolia and Eleocharis interstincta) were used in the 3 rd stage. During the 1 st stage of the study, emergent aquatic macrophytes growing in the natural ecosystems of Yucatán were collected and cultivated. The purpose was to select those species which were best adapted to growing under the severe conditions created by swine wastewater. A total of 5 species (Fimbristylis spadicea, Typha latifolia, Eleocharis interstincta, Arundinella berteroniana and Cladium jamaicensis) were collected and cultivated in 5 plastic tanks (length 1.1 m, width 0.7 m and depth 0.6 m). Each plastic tank was filled to a height of 0.3 m with gravel (diameter 10 to 30 mm), followed by an 0.15 m thick top layer of sand, to simulate the conditions in which macrophytes would grow in horizontal wetlands. These tanks were fed with 50 ℓ of pretreated swine wastewater each day throughout the 5 months of the 2 nd stage.
Physico-chemical characterisation of swine wastewater
On the farm, the wastewater generated during the fattening cycle is discharged to a septic tank (ST), from which it is pumped to a drum screen (DS) before being diverted to the receiving environment. Solids derived from this treatment are disposed of on agricultural lands without additional treatment. In this study, 3 m 3 of the DS effluent were transferred every day to 3 parallel pilot sedimentation ponds (Ps). From there, the wastewater was pumped to a storage tank that fed the horizontal wetlands (Fig. 1) 
, total phosphorus (TP) and total coliforms (TCF). All of these parameters were analysed according to Standard Methods (2001) and are summarised in Table 1 . NH 4 + -N was analysed by means of a prior distillation step in the Kjeldahl method.
Horizontal SSF CWs
The pilot plant was fed with pretreated wastewater from the Ps (i.e. wastewater that had been stored in a tank). The plant consisted of 6 identical parallel beds (wetlands), of which 2 were planted in February 2005 with Typha latifolia (T), 2 were planted with Eleocharis interstincta (E), and 2 remained unplanted as controls (C). Plants were established at a density of 15 shoots.m -2 and allowed to grow to densities of approximately 65 shoots•m -2 at the start of the experiment. These 2 species were selected from among all of the cultivated macrophytes because they had the best appearance and development during the acclimatisation period. Each system consisted of 6 identical beds made of PVC with length, width and depth of 1.1 m, 0.7 m and 0.45 m respectively. Furthermore, each bed was filled to a height of 0.3 m with gravel with a diameter ranging from 10 to 30 mm (D 10 = 32 mm), followed by a 0.15 m thick top layer of sand (D 10 = 2 mm). The initial porosity was 40% and 32% for the gravel and sand media, respectively. The nominal pore space of each bed was 50 ℓ (experimentally measured at the beginning of the sampling period). During the experimental phase the water level in each bed was kept constant at about 0.05 m below the surface of the sand.
Wetlands monitoring and data analysis
The performance of the wetlands was monitored over 2 periods, in the dry and ''nortes'' seasons, over 9 consecutive days of intensive sampling of the effluent of each bed. Note that, although the sampling was conducted in a short period of time, fixed biomass reactors (as the constructed wetlands) are generally less affected by changes in environmental and/or operational conditions (Brix and Schierup, 1989) . On the other hand, in order to evaluate the effect of CT on treatment efficiency, the systems were operated at three different CTs for these 9 d. For the testing of each different CT pretreated wastewater was supplied in quantities of 50 ℓ depending on the desired contact time, with excess water being displaced from the toe of the bed. Specifically, contact times were 1 d (CT1), 2 d (CT2) and 3 d (CT3). For each contact time water was removed from the toe of the bed at 4 h intervals over a period of 12 h during the day of sampling and the samples were mixed to obtain a composite sample. Thus for CT1, water was removed after 24, 28, 32 and 36 h, for CT2 it was removed after 48, 52, 56 and 60 h, and for CT3 it was removed after 72, 76, 80 and 84 h. Following each experimental run, the water in the bed was removed and replaced with fresh pretreated wastewater. After runs of CT1, CT2 and CT3, another 3 d experimental run was undertaken, and samples were taken as for CT1, CT2 and CT3 without replacing the water each time. Table 2 summarises the operational conditions of each wetland by CT.
Statistical analyses were carried out using the Statgraphics Plus 4.1 statistical software package. One-and two-way ANOVA methods were used to check the influence of each factor considered (presence/absence of macrophytes and CT) for each waterquality parameter and to evaluate the interactions between factors. For each ANOVA test, it was checked whether the variables were normally distributed; if not, they were log-transformed. To discriminate among the means, Fisher's least significant difference (LSD) procedure was used.
Results and discussion
Organic matter and TSS removal in the wetlands
In our study, effluent TSS, COD and BOD 5 concentrations clearly decreased as the CT increased in all cases tested. Planted wetlands produced effluents whose quality was 5 to 15% better than those of the unplanted controls (Tables 3 and 4) . In general terms, the organic matter removal results suggest that CT influences wetlands performance more than the type of macrophyte.
TSS removal efficiencies ranged from 35 to 76% in the dry season and from 44 to 78% in the ''nortes'' season. The organic matter removal results showed a pattern similar to that of TSS. Specifically, in the dry season, efficiencies ranged from 36 to 68% and from 28 to 69% for COD and BOD 5 , respectively; in the ''nortes'' season, they ranged from 40 to 78% and from 49 to 74% for COD and BOD 5 , respectively. The literature on this . In our study, we found that the highest removal efficiencies of TSS and organic matter (COD and BOD 5 ) were observed for CT 3 when the OLR was 95 g COD m ; in this case, the removal efficiencies ranged from 64 to 78% for TSS, 52 to 78% for COD and 57 to 74% for BOD 5 . The organic matter and TSS removal efficiencies observed in our study were therefore generally lower than those reported by Lee et al. (2004) and Kantawanichkul et al. (2001) and higher than those reported by Sezerino et al. (2003) . The wide range of efficiencies in TSS and organic matter removal found in different studies is probably related to the great variation of pig-waste composition, which is, in turn, highly dependent on farm management and storage conditions (Boursier et al., 2005) .
According to our statistical analysis, CT caused significant statistical differences in the average effluent concentration of TSS, COD and BOD 5 in all bed types (i.e. with or without macrophytes) and in both campaigns (Table 5 ). The test used to discriminate among the means indicated that all pairs of means were different for BOD 5 and COD. For TSS, most of the differences were between CT 1 and the 2 other CTs.
The ANOVA test revealed significant interactions between the two factors (presence/absence of macrophytes and CT) for TSS in the ''nortes'' season and for COD and BOD 5 in both campaigns. These interactions were due to the fact that effluent concentrations were clearly lower in CT 3 than in CT 1 and CT 2, and that the planted beds had lower concentrations than the unplanted beds. 
Nutrient removal in the wetlands
The effluent TN and NH 4 + concentrations clearly decreased as CT increased, regardless of the type of macrophyte (Tables 6  and 7) . These results contrast with those found for ammonium in the study of Lee et al. (2004) , who observed that the lowest removal rates occurred at the greatest hydraulic retention time. The planted wetlands generally produced effluents whose quality was between 2 and 5% better than that of the unplanted beds for TN and NH 4 + (Tables 6 and 7 ). In the case of NO 3 -, there was no clear relationship between effluent concentration and CT, since during the dry season the lowest concentrations were observed for CT 2, whereas in the ''nortes'' season the results varied with the type of treatment.
The TN removal efficiencies ranged from 47 to 66% in the dry season and from 59 to 79% in the ''nortes'' season, whereas the NH 4 + removal efficiencies ranged from 53 to 67% in the dry season and from 50 to 75% in the ''nortes'' season. The NO 3 -removal efficiencies ranged from 69 to 84% in the dry season and from 60 to 75% in the 'nortes' season. The planted beds had the best NO 3 -removal performance (Tables 6 and 7 , next page). The literature generally reports lower nitrogen removal efficiencies than those found in this study. For example, Lee et al. (2004) reported removal efficiencies for TN, NH 4 + and NO 3 -ranging from 1 to 22%. The higher efficiencies observed in our study may be linked to our intermittent feeding strategy. Intermittent feeding may have enhanced re-aeration of the granular medium, which in turn would have increased biochemical aerobic routes. In fact, the removal efficiencies observed in this study are very similar to those reported for vertical SSF CWs by Sezerino et al. (2003) (2 to 68%) and by Kantawanichkul et al. (1999) (80 to 90%). The rather high removal rates observed in the experiments of Kantawanichkul et al. (1999) may be related to the fact that the authors used diluted swine wastewater.
Based on statistical analyses conducted on nitrogen species, we can conclude that CT caused significant statistical differences in terms of the average effluent concentrations of TN, NH 4 + and NO 3 -in all treatments in both campaigns (Table 5 ). The test used to discriminate among the means indicated that all of the pairs of means were statistically different for the three nitrogen species. The greatest average differences were observed between CT 1 and CT 3 regardless of the type of macrophyte.
The ANOVA test revealed significant interactions between the 2 factors (presence/absence of macrophytes and CT) for TN, NH 4 + and NO 3 -in the dry season campaign. These interactions were due to the fact that the planted beds had significantly lower concentrations than the unplanted beds during the dry season.
The TP removal efficiencies were generally lower than those of the other contaminants. TP removal ranged from 0 to 12% in the dry season and from 6 to 28% in the 'nortes' season (Tables 6  and 7 ). According to the statistical tests, CT seemed not to have a significant effect on TP removal (Table 5) . On the contrary, as has been previously described by Vymazal (2003) , the presence of macrophytes had a significant effect on the performance of the systems. The TP removal efficiencies obtained in this study were, however, lower than those reported by Lee et al. (2004) (47 to 59%).
Microbial removal in the wetlands
The TCF removal was generally not high enough to produce effluents with low concentrations. Effluent TFC concentrations ranged from 10.8 to 10.1 log-units·100 mℓ -11 in the dry season and from 9.1 to 8.5 log-units·100 mℓ -1 in the 'nortes' season for CT 1, from 9.8 to 9.6 log-units·100 mℓ -1 in the dry season and in the 'nortes' season for CT 2, and from 8.6 to 8.3 log-units·100 mℓ -1 in the dry season and from 7.8 to 7.0 log-units·100 mℓ -1 in the 'nortes' season for CT 3. Removal efficiencies ranged from 3.3 log-units in the dry season to 4.2 log-units in the 'nortes' season. These removal efficiencies agree with those reported by Kantawanichkul et al. (1999) (approximately 4 log-units). The ANOVA test indicated that there were no statistical differences in the average effluent TFC values between the various types of beds within the same CT (Table 5) . On the contrary, CT caused significant differences in TFC concentrations. The test used to discriminate among the means indicated that all pairs of means were different. 
Summary of all results
CT caused clear differences in removal efficiency for most of the evaluated contaminants. Therefore, it may be considered as a key parameter in the performance of horizontal SSF CWs treating swine wastewater. In contrast, the differences between planted and unplanted systems were not clear or were very low, especially in the dry season. This contrasts with the studies of Brison et al. (2006) and Ciria et al. (2005) , which reported a clear contribution by plants on contaminants removal. It is likely that the high concentrations of contaminants treated in this study masked the macrophytes' contribution to overall treatment efficiency (Brix, 1997) . Only in the case of BOD 5 planted wetlands clearly showed superior treatment efficiency, with removal efficiencies of 68% in planted wetlands (Typha latifolia) and 59% in unplanted beds for both periods.
The wetlands had slightly better removal efficiencies in the 'nortes' campaign than in the dry campaign. Specifically, during the 'nortes' season, the wetlands had 2 to 10%, 4 to 10%, 6 to 21%, 13 to 14% and 3 to 8% higher removal efficiency for TSS, COD, BOD 5 , TN and NH 4 + -N, respectively. This trend seems to be linked to the higher evapotranspiration rates in the dry season, which would increase the contaminant concentrations in the wetlands. Unfortunately, evapotranspiration was not directly quantified at the time of the experiments; in the dry season, however, temperatures and wind speed are higher and humidity is lower, so we may reasonably assume that the evapotranspiration rates would have been higher. It is common for treatment efficiency in many constructed wetlands to decrease in dry periods due to high rates of evapotranspiration (Kadlec and Knight, 1996) .
Care should be taken when applying the results of this study, since they were obtained from small pilot wetlands and during a short evaluation period. Nevertheless, these results provide a starting point for the use of horizontal SSF CWs in Yucatán and gives insight of the potential application of this technology for an environmental concern in the region.
Conclusions
The results of this study clearly indicate that CT is a key factor in the removal of a wide variety of contaminants (COD, BOD 5 , TN, NH 4 + , NO 3 -and micro-organisms) in horizontal SSF CWs treating swine wastewater.
According to the results of this study Typha latifolia and Eleocharis interstincta are the most suitable macrophyte species to be used for the treatment of piggery wastewater under Yucatan's local conditions. In spite of the fact that high contaminant concentrations in wastewater may have masked the macrophytes' contribution to the overall treatment efficiency, vegetated beds usually provide better effluent quality than unplanted beds.
The best contaminant removal efficiencies were for a CT of 3 d. In such conditions, removal efficiencies ranged between 64 and 78% for TSS, between 52 and 78% for COD, between 57 and 74% for BOD 5 , between 57 and 79% for TN, between 63 and 75% for NH 4 + , between 70 and 81% for NO 3 -, from 0 to 28% for TP and between 3.3 and 4.2 log-units for TCF.
In general terms, the results of this study suggest that horizontal SSF CWs could be a suitable technology for treating swine wastewater in Yucatán. Furthermore, CT clearly deserves special attention in the future design of full-scale facilities.
